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Abstract —  We  report  on  the  development  of  a  new 
microelectronic  mechanical  system  (MEMS)-based  quartz 
resonator  technology  that  allows  for  the  processing  and 
integration  of  VHF  to  UHF  high-Q  oscillators  and  filters  with 
high-speed  silicon  or  III-V  electronics.  This  paper  describes  the 
first  demonstration  of  prototype  oscillators  and  filters  using  this 
newly  developed  technology.  We  present  impedance,  Q,  and 
temperature  sensitivity  data  of  UHF  resonators  along  with  phase 
noise  and  Allan  deviation  measurements.  Our  first  2-pole  filter 
data  showing  low  insertion  loss  are  also  presented.  Finally,  the 
results  of  power  handling  measurements  are  described  for 
applications  where  high  levels  of  background  signals  are  present. 

I.  INTRODUCTION 

Modern  communication  systems  such  as  programmable 
radios  and  Global  Positioning  Satellite  (GPS)  receivers  require 
ultra  small,  high  frequency  filters  and  oscillators  with 
extremely  good  temporal  and  thermal  stabilities,  high  resonant 
quality- factors,  and  excellent  RF  matching  characteristics. 
Discrete  bulk  acoustic  wave  devices  such  as  quartz  resonators 
have  been  the  prevailing  choice  for  such  applications  because 
single  crystal  quartz  has  several  attractive  material  properties. 
It  is  a  low  loss  (high  Q)  piezoelectric  material  with  zero 
temperature  coefficient  for  selected  crystal  cuts.  In  addition,  its 
chemically  inert  surface  makes  quartz  a  candidate  for  stable 
frequency  operations.  However,  current  manufacturing 
technology  for  quartz  resonators  does  not  provide  a 
straightforward  method  for  reducing  the  size  and  thereby 
increasing  the  frequency  of  operation  into  the  UHF  range  [1]. 
Furthermore,  integrating  large  arrays  of  precisely  tuned 
structures  with  high-frequency  RF  electronics,  and  vacuum 
packaging  the  resulting  chip  at  wafer  level,  are  not  possible 
with  present  techniques.  Polysilicon  surface  micromachining 
technology  has  enabled  the  creation  of  on-chip  UHF  resonators 
with  high  Q  values  [2].  However,  these  devices  typically 
suffer  from  extremely  large  motional  resistance  (»  1  kQ)  and 
temperature  sensitivity,  making  them  less  desirable  for  low 
impedance,  high  Q  RF  applications. 

Recent  advancements  in  microfabrication,  especially  in  the 
areas  of  precision  wafer  bonding  and  plasma  etching,  have 
enabled  us  to  fabricate  miniaturized  quartz  on-chip  resonators 
working  in  the  VHF -UHF  frequency  range.  These  resonators 
can  retain  the  excellent  properties  of  discrete  quartz  devices 
while  providing  a  low-cost  path  for  on-chip  integration  of  filter 
and  oscillator  arrays  with  electronics  and  wafer-scale 
packaging. 
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II.  FABRICATION 

The  quartz  resonator  fabrication  process  is  illustrated  in 
Fig.  1.  The  starting  materials  for  this  process  are:  1)  a  300-jam- 
thick,  double-side  polished  AT-cut  single  crystal  quartz  blank 
wafer,  2)  a  500-jam-thick,  <100>-oriented,  n-type,  1-10  ohm- 
cm,  silicon  handle  wafer,  and  3)  a  300-jam-thick  host  substrate 
such  as  a  silicon  wafer.  The  process  begins  with  a  plasma 
cavity  etch  into  the  silicon  handle  wafer  (~20  pm  depth)  to 
later  accommodate  the  top  metal  electrodes  of  the  quartz  wafer. 
The  quartz  wafer  is  metallized  with  electrodes  (typically  800  A 
Al)  and  then  aligned  and  directly  bonded  to  the  silicon  handle 
wafer  using  plasma-assisted  room  temperature  bonding  with 
EV  Group’s  EV-620  aligner  and  EV-501  bonder.  The  bonded 
quartz  is  subsequently  thinned  to  a  thickness  <10  pm  using 
conventional  lapping  and  polishing  techniques.  Its  thickness 
can  be  further  reduced  to  less  than  10  pm  using  a  SFg-based 
plasma  etch  in  a  Unaxis  inductively-coupled,  high-density 
plasma  etcher.  Veeco  surface  profilometer  measurements  of  the 
final  quartz  surface  after  thinning  give  a  surface  roughness  of 
<2  nm. 

A  deep  reactive  ion  etching  (DRIE)  process  with  CF4 
chemistry  and  bottom-side  metallization  (800  A  Al)  creates  the 
through-wafer  vias  and  metal  interconnects  to  bridge  the  top¬ 
side  metallization  to  bottom-side  bonding  pads.  The  continuous 
sheet  of  quartz  is  then  patterned  and  etched  using  a  thick 
Shipley  SJR-5740  photoresist  mask  and  a  second  DRIE  step  to 
delineate  the  resonator  patterns.  The  detailed  description  of  the 
DRIE  process  is  presented  in  an  earlier  publication  [3]. 

For  the  host  substrate,  it  is  first  patterned  and  etched  to 
create  10-pm-tall  protrusions  on  its  surface.  Then,  metals  are 
deposited  on  the  protrusions  to  form  the  bond  pads  (200  A  Ti  / 
500  A  Pt  /  5000  A  Au  /  20,000  A  In)  for  the  subsequent 
thermal  compression  bond.  In  this  bonding  step,  the  Si/quartz 
pair  is  first  aligned  to  the  host  substrate  using  EV  Group’s  EV- 
620  aligner  and  then  bonded  at  100°C  in  the  EV-501  wafer 
bonder  using  a  compression  pressure  of  20  MPa.  Finally,  the 
silicon  handle  wafer  is  removed  using  either  an  SF6  plasma  etch 
or  a  wet  TMAH  process  to  leave  the  individual  quartz 
resonators  on  the  host  substrate.  An  SEM  image  of  a  completed 
resonator  is  shown  in  Fig.  2. 
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Figure  2.  SEM  photograph  of  a  completed  UHF  resonator. 

Quartz  thickness  =  2  pm. 

This  fabrication  process  provides  a  path  for  integrating 
large  resonator  arrays  with  high  frequency  RF  electronics  since 
the  low-temperature  process  is  compatible  with  standard 
silicon  and  III-V  compound  semiconductor  processes.  This 
process  also  allows  conventional  packaging  techniques  with 
solder  bonding  to  hermetically  seal  the  resonators  at  the  wafer 
level.  The  permanent  Au-In  thermal  compression  bond  for  the 
resonators  can  withstand  post-processing  temperatures 
(>160°C)  which  allow  for  low  temperature  sealing. 
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Figure  1 .  Fabrication  process  flow  for  the  quartz  resonators. 


III.  RESONATOR  RESULTS 

Several  different  designs  of  AT-cut  shear-mode  resonators 
have  been  tested  using  Cascade  microprobes  and  an  Agilent 
4991 A  impedance  analyzer  at  room  temperature.  Many  of 
these  results  have  been  reported  previously  [4].  Our  newest 
results  indicate  that  resonators  with  fundamental  mode 
resonant  frequencies  approaching  3  GHz  can  be  fabricated  with 
these  basic  techniques.  Fig.  3  shows  the  impedance  plot  of  a 
0.65-pm-thick  shear-mode  resonator  with  dimensions  of  40  x 
60  pm2  with  a  fundamental  frequency  of  1.94  GHz.  A  Q  of 
7,248  and  a  motional  resistance  of  600  Q  were  measured  for 
this  device  in  air.  This  yields  an  f  x  Q  product  of  1.4  x  1013  Hz, 
close  to  the  expected  limit  for  AT-cut  quartz  devices  [5]. 
Larger  devices  had  motional  resistances  <  50  £2  at  similar 
frequencies  but  with  some  anharmonic  modes. 

A.  Temperature  Dependence 

As  reported  previously,  the  temperature  dependence  of  our 
first  generation  resonators  was  affected  by  bonding  stresses  at 
the  Si  substrate  interface  [4].  Using  a  300°C  Au-to-Au  thermal 
compression  bond,  residual  stress  levels  of  several  MPa  were 
possible  in  the  active  areas  of  our  designs.  This  produced 
frequency  shifts  of  approximately  +  23  ppm/°C  for  AT-cut 
angles  of  35.75  degrees. 

In  order  to  reduce  the  bonding  stress  effects,  we  recently 
implemented  a  lower  temperature  Au-In  bond  to  the  substrate. 
Visually,  we  noted  a  complete  elimination  of  optical  stress 
fringes  around  the  bonding  pads  with  the  lower  temperature 
bond.  Using  AT-cut  angles  of  35.25  deg.,  we  have  now 
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obtained  near  theoretical  temperature  compensated  behavior. 
The  frequency  versus  temperature  data  for  a  shear-mode  disk 
design  is  presented  in  Fig.  4  showing  23  ppm  stability  over  the 
entire  25°  to  100°C  range.  Hysteresis  data  obtained  during 
temperature  cycling  indicated  a  shift  of  about  2  ppm  after 
temperature  ramping  as  shown  in  Fig.  5. 
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Figure  3.  Impedance  and  phase  plots  for  1 .94  GHz  quartz  resonator  in  air.  C0 
=  1.83  x  lCr13  f,  Ci  =  1.88  x  PH7  f,  Li  =  3.56  x  10'4  h,  R,  =  600  Q,  and  Q  = 
7,247  in  air.  Dotted  curve  is  measured  data  while  the  solid  curve  is  a  modified 
Van  Dyke  fit. 


3.67042E+08 

x  3.67040E+08 
o 

|  3.67038E+08 

cr 

0) 

t  3.67036E+08 
e 
ro 
e 

w  3.67034E+08 
a> 

££ 

3.67032E+08 


20  30  40  50  60  70  80  90  100 


Temperature  (C) 


Figure  4.  Temperature  sensitivity  of  resonators  utilizing  Au-In  bonding  to 
the  substrate. 
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Figure  5.  Hysteresis  data  for  a  300-pm-diameter  shear  mode  resonator. 


B.  Power  Handling 

We  have  made  measurements  for  determining  the  power 
handling  capabilities  of  our  resonators  both  for  in-band  and 
out-of-band  conditions.  Since  our  resonators  are  significantly 
smaller  than  commercial  devices,  one  might  expect  that  their 
power  handling  capabilities  would  be  reduced.  However,  tests 
to  date  have  indicated  that  they  are  surprisingly  robust. 

For  our  first  tests,  the  power  handling  was  measured  in  air 
in  a  microwave  package  using  a  545-MHz,  160  x  50  pm2 
resonator  with  a  Q  of  13,000.  Power  was  applied  directly  from 
a  network  analyzer,  and  we  observed  the  forward  reflection 
(Si i)  as  a  function  of  applied  power  with  the  resonator  output 
shorted.  Small  nonlinear  behavior  was  observed  with  an  input 
power  of  400  qW  which  corresponds  to  a  current  density  of 
about  28  A/cm2  on  resonance.  These  data  are  shown  in  Fig.  6. 

A  similar  test  on  a  commercial  250-MHz  resonator  with  an 
electrode  area  of  700  x  700  pm2  showed  nonlinear  behavior 
around  1-2  mW  or  a  current  density  of  about  1.5  A/cm2.  Thus, 
the  MEMS  resonator  showed  similar  power  handling 
capabilities  compared  to  larger  commercial  units. 

Our  next  tests  were  designed  to  simultaneously  apply  high 
RF  power  to  the  devices  at  arbitrary  frequencies  while 
observing  the  transmission  characteristics  with  a  network 
analyzer  using  a  combiner  at  the  device  input.  We  used  a 
commercial  3-W  RF  power  amplifier  to  apply  power  to  the 
resonators  and  monitored  this  input  power  with  an  Agilent 
EPM  series  power  meter  using  a  X1000  attenuator.  Various 
isolators  were  used  to  protect  the  instruments  from  reflected 
power.  The  test  set-up  contributed  to  about  -13  dB  of  scanning 
transmission  loss  for  the  network  analyzer.  Fig.  7  shows  the 
transmission  characteristics  as  a  function  of  RF  power  applied 
0.9%  off  the  center  frequency.  A  noticeable  shift  in  frequency 
was  observed  only  for  the  highest  power  level  applied  of  2.3 
W. 
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Figure  6.  Forward  reflection  (Sn)  data  for  a  MEMS-resonator  with  an  input 
power  of  400  pW.  A  small  nonlinear  behavior  was  noted  at  this  power  level. 
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S21  for  Resonator  At  Various  540  MHz 
Radiation  Powers,  Scanning  Power:  36  uW 


Figure  7.  S2i  for  a  546-MHz  resonator  for  various  RF  input  powers  applied 
0.9%  off  the  resonant  frequency. 

Since  the  resonators  in  these  tests  were  not  temperature 
compensated,  we  could  easily  use  the  observed  frequency 
shifts  as  a  function  of  applied  power  as  indicators  of  the 
temperature  increase.  Assuming  a  maximum  temperature  for 
possible  damage  of  the  chip  of  around  300°C,  one  can  calculate 
that  the  maximum  on-resonance  power  for  our  resonators  is 
about  +15  dBm  while  the  maximum  off-resonance  power  is 
+49  dBm.  Using  temperature  compensated  resonators,  the 
frequency  shifts  noted  in  Fig.  7  would  obviously  be 
substantially  reduced. 

IV.  OSCILLATOR  RESULTS 

In  order  to  demonstrate  the  ability  to  utilize  miniaturized 
MEMS-based  quartz  resonators  for  on-chip  frequency 
standards,  prototype  oscillator  circuits  were  modeled, 
fabricated,  and  tested.  We  found  that  the  specific  construction 
of  the  boards  was  critical  for  minimizing  the  parasitic 
capacitance  around  the  resonator.  Copper-clad  Duroid  boards 
were  utilized  with  the  copper  cladding  removed  from  the  local 
area  around  the  resonator.  This  reduced  the  parasitic 
capacitance.  The  resonators  were  wire  bonded  to  the  circuit  and 
tested  in  air.  A  photograph  of  a  Pierce  oscillator  circuit  is 
shown  in  Fig.  8,  and  a  wire  bonded  resonator  is  shown  in 
Fig.  9. 


Figure  8.  Photograph  of  surface  mount  prototype  UHF  oscillator  board. 
A  battery  holder  is  on  the  left. 


Figure  9.  The  wire-bonded  MEMS  resonator/filter  chip  used  in  the  oscillator 
circuit  shown  in  Figure  8.  The  wire  bonded  resonator  is  a  300-pm-diameter 
shear-mode  disk  design. 

Allan  deviations  of  the  oscillators  were  obtained  using  a  10 
digit  counter  with  sampling  rates  of  roughly  10  Hz.  Then 
325  MHz  oscillators  were  mounted  on  a  hot  plate  in  air  with  a 
temperature  resolution  of  ±  0.5 °C.  Both  non-temperature 
compensated  (resonators  bonded  to  the  substrate  using  a  Au-to- 
Au  thermal  compression  bond)  and  temperature  compensated 
resonators  were  tested.  The  results  are  shown  in  Fig.  10.  Note 
the  improvement  in  stability  for  the  temperature  compensated 
devices.  Future  tests  under  vibration  and  in  vacuum  may 
provide  indications  of  the  ultimate  performance  without 
degrading  environmental  factors. 

Phase  noise  measurements  were  also  performed  on  the 
oscillators  without  temperature  regulation  and  in  air  using  an 
Agilent  E5052A  phase  noise  unit.  The  phase  noise  is  shown  in 
Fig.  11.  In  addition,  a  counter  was  used  to  set  an  Agilent 
E8257D  reference  frequency  standard  to  the  carrier  frequency 
of  the  MEMS  oscillator.  The  phase  noise  of  the  Agilent 
reference  standard  with  an  internal  SC-cut,  10-MHz  ovenized, 
and  vibration  isolated  oscillator  is  also  shown  in  Fig.  11  for 
comparison.  Note,  at  a  roughly  3 -kHz  offset  frequency,  the 
MEMS  oscillator  is  comparable  to  the  reference  standard.  The 
MEMS  oscillator  noise  floor  approaches  -160  dBc/Hz  beyond 
1 05  offset  frequency  and  is  limited  by  electronic  noise  from  the 
transistor  of  the  sustaining  circuit.  At  low  offset  frequencies, 
the  noise  of  the  MEMS  oscillator  follows  a  1/f3  dependence. 


Averaging  Time,  (x),  Seconds 


Figure  10.  Allan  deviations  of  the  noise  for  two  325-MHz  MEMS  oscillators. 
The  data  in  triangles  is  for  a  non-temperature  compensated  resonator  while  the 
data  in  circles  is  for  a  temperature  compensated  resonator. 
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Figure  1 1 .  Phase  noise  for  a  MEMS  AT-cut  oscillator  in  air  compared  to  a 
commercial  Agilent  frequency  reference  standard,  both  operating 
at  325  MHz. 


V.  FILTER  RESULTS 

Monolithic  crystal  filters  have  been  fabricated  using  the 
design  methodology  described  previously  [4].  Two  and  three 
pole  filters  were  designed  for  the  frequency  range  between 
200-300  MHz.  An  SEM  microphotograph  of  the  400  x  160 
|Lim2  A1  electrodes  on  a  flat  quartz  slab  is  shown  in  Fig.  12. 
Acoustic  gaps  between  20-80  qm  were  tested.  The  bandwidth 
increased  for  smaller  acoustic  gaps  as  expected  from 
conventional  design  rules  [6].  S2i  and  Sn  are  presented  in  Fig. 
13  for  a  two-pole  filter  with  a  20  qm  acoustic  gap.  The  3  dB 
bandwidth  was  85  kHz  or  0.04%  of  the  center  frequency, 
which  closely  matches  the  expected  bandwidth  for  a  matching 
input/output  impedance  of  1  kQ  [6].  We  measured  an  insertion 
loss  of  -0.35  dB  and  isolation  of  roughly  -40  dB.  Two 
anharmonic  transmission  peaks  roughly  -10  dB  down  were 
observed  at  a  few  megahertz  above  the  center  frequency. 
Optimized  designs  for  absorbing  or  attenuating  these 
extraneous  modes  are  expected  to  significantly  reduce  the  level 
of  the  spurious  transmission  peaks  [7]. 


Figure  12.  An  SEM  of  a  filter  array  with  various  bandwidths. 


Figure  13.  Transmission  and  forward  reflection  power  of  a  206-MHz 
MEMS  two-pole  filter. 


VI.  CONCLUSIONS 

We  have  developed  a  new  VHF-UHF  quartz  resonator 
technology  that  can  be  integrated  with  RF  electronics  and  is 
compatible  with  MEMS-based  wafer-scale  vacuum  packaging. 
Fundamental  mode  operation  above  2  GHz  has  been 
demonstrated  with  Q’s  of  7,200  in  air.  By  maintaining  low 
bonding  stress  at  the  quartz/Si  interface,  we  have  demonstrated 
temperature  sensitivities  comparable  to  commercial  AT-cut 
quartz  resonators.  Surface  mount  prototype  UHF  oscillators 
have  been  constructed  with  a  phase  noise  in  air  of  -120 
dBc/Hz  @  1  kHz  offset  frequency  and  an  Allan  deviation  of 

4x  10-10  (t  =  1  sec).  Two-pole  monolithic  crystal  filters  at 
206-MHz  center  frequency  have  shown  extremely  low 
insertion  loss  of  -0.35  dB  and  near  the  expected  bandwidth 
(0.04%)  with  1  kQ  matching  impedance.  Power  handling  of 
these  miniaturized  filters  is  comparable  to  other  on-chip 
electronic  circuits.  We  expect  that  with  further  manufacturing 
development,  this  technology  can  be  utilized  in  future 
communication  systems  requiring  multiple  frequency  channels, 
low  power,  and  small  size.  In  addition,  new  radio  architectures 
are  enabled  with  arrays  of  ultra  narrow  band  filters. 
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